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The influence of light on living organisms is critical, not only because of its importance as the main source of energy for the biosphere but also due to its capacity to induce changes in the behavior and morphology of nearly all forms of life. In particular, physiological responses to blue light have been studied in a wide variety of organisms from microbes to animals. Examples of such capacity include phototropism of coleoptiles in plants (27) , induction of carotenoid synthesis in fungi (32) , and entrainment of circadian rhythms in a diversity of organisms (12) .
Blue light influences fungi in many ways. It can affect metabolism, growth, sexual and asexual development, pigment formation, and tropism, among other phenomena. The ascomycete Neurospora crassa is considered a paradigm for biochemical, genetic, and molecular studies of light responses. Several developmental and morphological processes of Neurospora are regulated by light. In all cases, light perception occurs in the UV-blue-light range. Light-mediated responses include induction of changes in membrane potential, gene expression, protein phosphorylation, induction of protoperithecia, phototropism of perithecial beaks, photocarotenogenesis, entrainment of the circadian clock, and conidiation (28) . Photoinduced conidiation (asexual reproduction) of fungi provides an interesting model for biochemical, physiological, and morphological studies on differentiation since a relatively simple and natural external stimulus, such as light, is used to initiate a sequence of molecular events, which ultimately lead to conidiation (26) .
The mycoparasite Trichoderma atroviride is used as a biological control agent due to its capacity to attack a broad range of important air-and soilborne phytopathogenic fungi (17) . The main mechanism for survival and dispersal of Trichoderma is through the production of asexual spores (conidia). Conidiation in this organism is induced by environmental factors such as light and nutrient depletion. In the laboratory, exposure of a dark-grown colony of Trichoderma to a brief pulse of blue light results in the formation of a ring of dark green conidia at what had been the perimeter of the colony at the time of illumination (20) . Another light response described in T. atroviride is the regulation of the expression of the photolyase gene phr-1. No phr-1 mRNA is detected in the dark, becoming detectable immediately after a blue-light pulse (4) . Among the biochemical changes evoked by illumination in dark-grown colonies are shifts in membrane potential and ATP levels, a transient biphasic oscillation in intracellular cyclic AMP (cAMP) levels, activation of adenylyl cyclase, and phosphorylation of proteins (13, 14, 24) . Exogenous cAMP promotes sporulation in the dark (30) , whereas atropine, a compound known to inhibit adenylyl cyclase in Neurospora (37) , prevents sporulation even after photoinduction (5) . In addition, the inhibitor of cAMP-phosphodiesterase, 3-isobutylmethylxanthine, stimulates photoconidiation (42) . Light regulation of phr-1, however, is indifferent to these effectors (5) . Induction of photolyase expression occurs as a direct, rapid response to light, independent of the induction of sporulation (5) . These data suggest that photoconidiation and light-induced expression of phr-1 either follow divergent signal transduction cascades or that there could be more than one blue-light receptor.
A complex formed by the proteins WC-1 and WC-2 controls all known light responses in N. crassa. It has been demonstrated that WC-1 is a blue-light receptor in this fungus, that WC-1 and WC-2 are subjected to light-dependent phosphorylation, and that WC-1 is phosphorylated in parallel with the transient increase in the transcript levels of light-regulated genes (16) . A second photoreceptor (VVD), which enables Neurospora to perceive and respond to daily changes in light intensity, has recently been characterized (36) . Furthermore, the analysis of the N. crassa genome has revealed the presence of genes that encode other potential photoreceptors, namely, cry-1, phy-1, and phy-2 (6) .
Recently, we cloned two T. atroviride genes, named bluelight regulators 1 and 2 (blr-1 and blr-2), homologues of N. crassa wc-1 and wc-2, respectively. The deduced protein sequence of BLR-1 indicates that it has all of the characteristics of a blue-light receptor, whereas that of BLR-2 suggests that it could interact with BLR-1 through PAS domains to form a complex. Both BLR proteins were shown to be essential for photoconidiation in Trichoderma. It was also demonstrated that Trichoderma responds to mycelial injury producing conidia at the damaged area and that the BLR proteins were not necessary for this response (7) .
In the present study, we show that BLR-1 and BLR-2 are also necessary for conidiation when induced by glucose deprivation, that in Trichoderma there are blue-light responses independent of BLR, and that PKA activity is required for lightinduced gene expression. Blue-light regulation of growth and development in basidiomycetes is under the control of genes equivalent to the T. atroviride brl-1/2 and the N. crassa wc-1/2 (21, 29, 45) . Thus, our current research on these interactions has potential implications restricted not just within a class of fungi (sordariomycetes) but across the fungal Kingdom.
MATERIALS AND METHODS
Strains, plasmids, and culture conditions. T. atroviride IMI 206040, ⌬blr-1, and ⌬blr-2 (7) strains were used in the present study. Escherichia coli TOP10FЈ (Invitrogen) was used for plasmid transformation. The plasmids used were pCR2.1 (Invitrogen), pGFP-Hyg, and pB (carrying a fragment of human 28S rRNA gene). Plasmid pGFP-Hyg is a derivative of pZEGA (47) carrying a hygromycin resistance cassette that contains the E. coli hygromycin phosphotransferase gene under the control of the Aspergillus nidulans trpC promoter. T. atroviride cultures were routinely grown at 25°C on potato dextrose agar plates (Difco). For isolation of protoplasts, photoconidiation assays and light induction, mycelia were grown in PDYC medium (24 g of potato dextrose broth, 2 g of yeast extract, and 1.2 g of casein hydrolysate medium [all from Difco]/liter). For protoplast transformation, potato dextrose agar with 200 g of hygromycin/ml was used as a selection medium, and potato dextrose agar containing 1% agarose and 200 g of hygromycin/ml soft selection medium was used as an overlay.
Southern and Northern blot analysis. Total RNA was extracted from mycelia as previously described (5) and used for Northern analysis according to standard techniques (33) . For Northern blot analysis, a 1.35-kb EcoRV fragment of phr-1 or the c51, blu1, blu6, blu17, and blu8 cDNA fragments were labeled with 32 P and used as probes. Southern blot analysis was performed according to standard techniques (33) , using an EcoRI pkr-1 fragment, containing the complete cDNA labeled with 32 P as a probe. Isolation of pkr-1. A DNA fragment of about 550 bp was amplified by PCR using T. atroviride genomic DNA as a template and the oligonucleotides PKArF (forward; 5Ј-GGTGATTATTTCTATGTGGTAGAG-3Ј) and PKArR (reverse; 5Ј-CTGGCCGCGCGAGGGGCATC-3Ј) as primers, designed based on conserved regions of N. crassa PKA regulatory subunit gene. The amplification program consisted of 30 cycles performed as follows: 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, with a final extension period of 7 min at 72°C. The main product was subcloned into plasmid pCR2.1 and sequenced (34) ; its sequence showed high similarity to many PKA regulatory subunit encoding genes. The fragment was 32 P labeled and used to screen, under high-stringency conditions, a Trichoderma cDNA library from cultures grown under blue light. Sequencing data of a selected clone confirmed its identity and indicated that it corresponded to the full-length cDNA (GenBank accession no. DQ077817).
Constructs. Plasmids for sense and antisense expression were constructed as follows. For the sense construct, a pair of primers was designed based on the pkr-1 cDNA sequence in which NsiI and XbaI restriction sites were added to the forward and reverse primers, respectively. The same strategy was used for the antisense construct by inverting the restriction sites. Using the pairs of primers and the cDNA clone as a template, the different clones were amplified. The fragments corresponding to the coding region of the pkr-1 cDNA were subcloned in pCR2.1. The subclones were double digested with the enzymes NsiI and XbaI. The pkr-1 fragment obtained was used to replace the gfp coding sequence in plasmid pGFP-Hyg. The two resulting plasmids pPKArAS and pPKArOE constituted the antisense and sense constructs. These constructs were used for transformation of T. atroviride, as previously described (3). Transformants were selected and allowed to sporulate, and serial dilutions of spore suspensions were plated for three cycles to obtain monosporic cultures.
Light responses. Colonies were induced to conidiate as previously described (4) by exposure to a standard blue-light source consisting of light from cool-white fluorescent tubes filtered through a blue acrylic filter (LEE #183; fluence rate, 3 mol m Ϫ2 s Ϫ1 ). For RNA extractions the colonies were inoculated over cellophane sheets overlying the filter paper. At various times, the mycelia were scraped from the surface of the cellophane under safelight (red light; 0.1 mol m Ϫ2 s Ϫ1 ). Samples of mycelia exposed to light or kept in the dark were immediately frozen in liquid nitrogen and used for RNA extraction.
cAMP-dependent protein kinase activity. Approximately 50 mg of mycelium was frozen in liquid nitrogen, ground to a fine powder, and resuspended in 200 l of a buffer containing 20 mM Tris-HCl (pH 7.4), 1 mM EDTA (pH 8.0), and a protease inhibitor cocktail consisting of 5 g of antipain and leupeptin ml Ϫ1 and 1 mM phenylmethylsulfonyl fluoride. Samples were then vortexed three times for 10 s and kept at 4°C. The homogenate was centrifuged for 120 min at 13,000 rpm and 4°C in a microfuge. Supernatants were transferred to fresh Eppendorf tubes, and the protein content was determined with Coomassie blue (41) using bovine serum albumin fraction V as a standard. PKA activity was determined immediately by using the nonradioactive PepTag test method with dye-labeled Kemptide as a substrate according to the manufacturer's protocol (Promega). The incubation time for the enzymatic reaction was 30 min at 30°C. One unit of enzyme activity was defined as the amount of enzyme required to transfer one nanomole of phosphate from ATP to the substrate (Kemptide) per minute at 30°C. The catalytic subunit of bovine heart PKA (Promega) was used as a standard.
Stress-induced conidiation assays. For nutritional stress-induced conidiation, Trichoderma colonies were cultivated in the dark on top of a double layer of filter paper consisting of an 8-cm Whatman 50 filter overlaying a Whatman 1 filter soaked in minimal medium (MM; 1.66 mM MgSO 4 , 5.16 mM K 2 HPO 4 , 2.68 mM KCl, 12.5 mM NH 4 NO 3 , 7.19 M FeSO 4 , 6.95 M ZnSO 4 , 10.1 M MnCl 2 ) with 111 mM glucose. After 48 h of cultivation in the dark at 25°C, the filter papers with the fungus were washed in sterile water, transferred to petri dishes containing fresh liquid MM with or without glucose, allowed to grow for a further 24 h in total darkness, and photographed. All manipulations were carried out under red safelight.
Effect of cAMP and dB-cAMP on the conidiation of wild-type, pkr-1 modified, and blr mutant strains. To observe the effect of cAMP on conidiation in the ⌬blr1, ⌬blr2, pkr-1 AS, pkr-1 OE, and wild-type strains, Trichoderma was cultivated in the dark by using a double layer of filter paper as described for the nutrient deprivation experiments, but colonies were transferred to medium with or without 10 mM cAMP as indicated. dB-cAMP was used to test its effect on conidiation in rich medium. In this case, Trichoderma was cultivated in the dark but the double layer of filter paper soaked in PDYC medium. After 48 h of cultivation at 25°C, the filter papers with the fungus were washed in sterile water and transferred to petri dishes containing fresh medium with or without the addition of 200 M dB-cAMP. When the colonies were exposed to light, the dB-cAMP was added to the PDYC medium 30 min before the light pulse. The colonies were then incubated in the dark for 24 h and photographed. All other manipulations were carried out under red safelight.
RESULTS
blr-1 and blr-2 are necessary for conidiation triggered by carbon deprivation. Because nutrient deprivation is considered a universal inducer of sporulation in fungi and it has previously 500 CASAS-FLORES ET AL. EUKARYOT. CELL been shown that in Trichoderma a sudden carbon deprivation mimics the effect of light by triggering the development of a discrete ring of conidia at the growing edge of a colony (20) , we decided to verify whether the BLR proteins played any role in the induction of conidiation by nutrient deprivation by testing this response in the corresponding mutants. Briefly, the wild type, and the ⌬blr-1 and ⌬blr-2 mutant strains were grown for 48 h in MM and then transferred to either nitrogen-or glucose-free MM medium and allowed to grow for a further 24 h in complete darkness (Fig. 1) . As expected, nitrogen deprivation triggered the production of conidia in the wild-type strain. Similarly, the ⌬blr-1 and ⌬blr-2 mutant strains produced abundant conidia in response to the sudden lack of nitrogen (Fig.  1A) . Surprisingly, upon glucose deprivation, no conidiation was observed in the mutant strains, whereas a ring of conidia was clearly visible in the wild-type strain (Fig. 1B) . Controls transferred to medium containing glucose and nitrogen did not conidiate (data not shown). These results suggested that the BLR-1 and BLR-2 proteins play a major role in carbon deprivation-induced conidiation. cAMP has been linked to the control of a number of functions in fungi, including utilization of endogenous and exogenous carbon sources and conidiation (25) . In order to test whether the phenotype observed upon glucose deprivation could be linked to cAMP, the strains were transferred to medium containing this compound and no carbon source. As seen on Fig. 1B , all strains responded to the addition of exogenous cAMP producing a ring of conidia at the growing edge of a colony, clearly resembling that observed in the wild type in response to the sudden lack of a carbon source. dB-cAMP does not restore photoconidiation in the blr mutants. Data available in the literature suggest that cAMP could be involved in blue light-induced conidiation in Trichoderma (13, 14, 24) . In addition, we have previously shown that application of exogenous dB-cAMP to Trichoderma cultures growing on rich medium triggers conidiation even in the dark (5) . In order to test whether exogenous cAMP could restore the nonsporulating phenotype of the mutants upon light exposure, the blr-null mutants and the wild-type strain were transferred to rich medium containing 200 M dB-cAMP before exposure to light. A ring of green conidia in the growing front of the colony was observed in the absence of light in the wild-type strain, whereas the blr mutants were unable to conidiate under these conditions (Fig. 2) . The addition of dB-cAMP to colonies exposed to light did not induce conidiation in the blr mutants.
PKA activity and gene expression are induced by blue light through a novel receptor. To better understand the absence of sporulation in the blr mutants upon application of dB-cAMP, PKA activities were measured in cell extracts of the blr mutants exposed to light or kept in total darkness. A clear increase in the PKA activity levels was detected upon light exposure of the wild-type strain. Surprisingly, both blr mutants showed exactly the same response (Fig. 3A) , suggesting the existence of an alternative blue light receptor. To verify the possible existence of an additional blue light receptor, we used a subset of lightregulated genes from a set previously identified by using micro- arrays, where gene expression in T. atroviride exposed to a pulse of white light was compared to that observed when the fungus was grown in the dark. The expression pattern of this subset of genes (blu1, blu6, blu17, and blu8) was analyzed by using the phr-1 gene as a control (Fig. 3B) . This subset of genes is induced by blue light in a blr-dependent manner, showing maximum levels of expression 30 min after illumination and decreasing to basal levels after 120 min. Two more genes were selected from Trichoderma subtractive libraries (blue-light versus dark): tpk-1, encoding a protein kinase and a clone (c51) with no significant similarity to any sequence available in public databases. As shown in Fig. 3B , these two genes accumulated in response to a pulse of blue-light with a time course similar to that observed for phr-1, except that basal transcript levels of these genes could be detected even in the dark. This response was maintained in the blr mutants, where the level of tpk-1 and c51 transcripts increase very rapidly, reaching their maximum between 5 and 15 min after the light pulse (Fig. 3B) .
Red light had no effect on the mRNA abundance of these genes (data not shown).
cAMP-dependent protein kinases (PKAs) are involved in light-induced conidiation. To test the possible role of cAMPdependent protein kinases in conidiation, we cloned a gene encoding the PKA regulatory subunit (pkr-1) from T. atroviride and generated transformants that express either an antisense (AS) or overexpress the sense version of the gene (OE). In both constructs the pkr-1 gene was under the control of the constitutive pki promoter and the cbh2 terminator of Trichoderma reesei. In order to prove the functionality of the AS and OE constructs in the transformants, PKA activities were measured in total cell extracts of the wild-type strain and AS and OE representative transformants (Fig. 4A) . Elevated levels of PKA activity were found in the AS strains both under dark and light conditions. In contrast, the OE strains had nearly undetectable levels of PKA activity in both conditions. Photoconidiation assays were carried out to evaluate the effect of the constructs on the blue-light response of the generated strains, showing that the AS transformants were unable to respond to light while the OE transformants hypersporulated in response to light and conidiated even in the dark (Fig. 4B) . Furthermore, mechanical injury did not trigger sporulation in AS strains, whereas the OE transformants sporulated at the damaged area, thereby suggesting that PKA is involved in the response to injury in Trichoderma (data not shown). To further investigate the cross talk between conidiation and the cAMP pathway, colonies of the AS, OE, and WT strains were grown on minimal medium and then transferred to fresh medium with or without glucose, containing or not containing cAMP. As shown in Fig. 1 , the wild-type strain responded to the lack of glucose producing a ring of conidia, regardless of the presence of cAMP. The OE transformants produced conidia both in the presence (data not shown) and in the absence of glucose (Fig. 4C) . However, more conidia were observed, especially toward the edge of the colony, when the medium contained cAMP (Fig. 4C) , whereas the AS transformants did not conidiate under any condition, except in the presence of cAMP ( Fig.  4C ; see the dark area). These data suggest that the observed conidiation, triggered by the presence of cAMP, is at least in part independent of PKA activity.
Altered expression of blue light induced genes in the AS and OE transformants of pkr-1 gene. As shown here, conidiation is affected by both expression of an antisense version of pkr-1 and its overexpression. Thus, assuming that at least part of the blue-light-induced genes are directly related to the early stages of conidiation in Trichoderma, it could be expected that their expression pattern in response to light could be altered in the AS and OE strains. Accordingly, we decided to determine whether the expression of the light-regulated genes tested in the present study was altered in these strains. Transcription of all blr-dependent genes and that of tpk-1 was completely blocked in the OE transformants, whereas in the AS strains the corresponding mRNAs were clearly induced by light (Fig. 5) . In addition, the bli-3 and tpk-1 genes showed an induction, which persisted for a longer period of time than that observed for the wild type. The expression of the acl gene, included as a control because its expression is not controlled by light, remained unaltered. These data provide evidence for the existence of a cross talk between the PKA and blr gene-controlled signal transduction pathways.
FIG. 3. (A)
PKA activity in the wild type and in blr mutants. Total protein was prepared from different strains from dark grown colonies and exposed to a 5-min pulse of blue light, and activities were determined subsequently at the indicated times. Experiments were made in triplicate and the figure shows the results of a representative experiment. (B) Northern blot analysis of total RNA extracted from blr mutants and wild-type colonies, hybridized with the blu1, blu6, blu17, blu8, phr-1, tpk-1, and c51 cDNAs. 28S was included as loading control. RNA was extracted at the indicated times (in minutes) after a 5-min light pulse. D, dark control.
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DISCUSSION
Nutrient deprivation is considered a universal inducer of sporulation in fungi. Trichoderma is no exception, and nutrient deprivation dutifully triggers the conidiation process in this organism. A major finding in the present study was that carbon deprivation did not induce conidiation in photoreceptor deletion mutants (blr mutants), indicating that the BLR proteins are involved in sensing different signals that allow the fungus to sporulate. In contrast, conidiation in response to nutrient deprivation of mutants in the orthologous genes in N. crassa was not altered (2, 40) . However, it has been shown in several other organisms that blue light generates changes in carbon metabolism. Exposure of Aspergillus ornatus to a pulse of light leads to protein phosphorylation and low glucose uptake (18) . Similarly, when microplasmodia of Physarum polycephalum were exposed to light, glucose consumption was reversibly inhibited and the production of glucan and trehalose decreased (35) . In addition, a starvation state was observed in the chytrid Blastocladiella britannica after a light stimulus (19) . A transporterbased mechanism for sensing nutrients in fungi is thought to be universal. Accordingly, in yeast, glucose sensing is mediated by the receptors/sensors Snf3 and Rgt2, which act with hexokinase as an important component of this pathway (10) . In plants, light responses and sugar sensing are clearly linked, and hexokinase appears to play an important role in this cross talk (9) . However, the molecular bases linking glucose and light sensing have not yet been elucidated.
Various hypotheses could be postulated to explain the fact that BLR-1 and BLR-2 are required for conidiation in response to carbon deprivation. We favor one that postulates that the BLRs themselves perceive or transduce the signal originated from the lack of glucose (see Fig. 6A ). In this sense, PAS domains could be important since they have been shown to be involved in several responses to environmental and internal stimuli, i.e., redox and oxygen sensing (44) . PAS domains are also known to mediate protein-protein interactions and to bind various cofactors depending on their functional properties (15) . The requirement for the BLR-1 and BLR-2 proteins for the responses analyzed here could imply that one or more of their PAS or LOV domains are required for this process, indicating that they may be involved in binding specific signals derived from carbon metabolism in T. atroviride. A model involving light modulated changes in the binding affinity between the LOV domain and its partner domain(s), in which the dynamic state of the LOV domain is the main determinant of its interactions with partner domains, has been proposed (8) . The human aryl hydrocarbon receptor AhR, another PAS/ LOV domain protein, binds different ligands to regulate the expression of several genes in a ligand-dependent manner. Besides its capacity to bind flavin, which is suggested by its structure (7), BLR-1 could have a function comparable to that of AhR, binding to one or several different ligands and thus responding to the presence or absence of certain carbon sources in the medium. Alternatively, any of the PAS domains found in either BLR-1 or BLR-2 could have dual-sensing capabilities that integrate both redox (carbon deprivation) and blu6, blu17, blu8, phr-1, tpk-1, c51 , and acl cDNAs. The acl gene was included as a light-independent transcription control, and 28S was included as a loading control. RNA was extracted at the indicated times after a 5-min light pulse. D, dark control. As mentioned before, the addition of dB-cAMP to Trichoderma cultures promotes sporulation in the dark (5, 30) , while atropine prevents sporulation, even after a blue-light pulse (5). The addition of cAMP triggered conidiation in the blr mutants grown under carbon limitation conditions, resembling the response of the wild type to carbon deprivation. Surprisingly, in rich medium the addition of dB-cAMP did not trigger sporulation in the blr mutants as it does in the wild-type strain, not even when dB-cAMP was added to colonies before exposure to light. These data demonstrate that the BLR proteins have functions even in the dark and that they are necessary for this response. Thus, the BLR proteins could be part of a particular cAMP pathway that drives the fungus into the conidiation process, which is clearly influenced by the nutritional status of the cells.
Based on biochemical data (13, 14, 24) , it has been suggested that a cAMP pathway, and consequently PKA, participates in light-induced conidiation in Trichoderma. Measurements of PKA activity in the wild type and in blr mutants revealed that it increased rapidly in the wild-type fungus after a pulse of blue light and that such induction was blr independent. Thus, two independent light inputs may induce the fungus to conidiate, with both inputs being necessary and with the blr-independent pathway triggering an increase of PKA activity. This notion is further supported by the fact that blue-light induction of at least two genes (c51 and tpk-1) was clearly maintained in the blr mutants, indicating that this response is independent of BLR-1 and BLR-2. In contrast, all known responses to blue light in N. crassa are initiated by the WC-1 and WC-2 proteins and modulated by Vivid. Mutations in either of the corresponding genes result in total blindness (28) . Even though genes showing similarity to other types of photoreceptors have been found in the N. crassa genome, WC-1 remains as the only known functional, primary blue-light receptor (16) . Similar to what has been shown for N. crassa, we demonstrated that another set of genes (blu1, blu6, blu17, and blu8) responded to blue light in a blr-dependent fashion, providing further evidence that supports the key role of the BLR proteins in blue light perception in T. atroviride.
To further investigate the role of PKA in photoconidiation and its possible interaction with the light perception pathway controlled by the BLR proteins, we generated T. atroviride transformants expressing sense and antisense versions of the PKA regulatory subunit-encoding gene. The antisense transformants showed high PKA activities and did not sporulate, whereas the overexpressing strains showed low activities and sporulated even in the dark. In agreement with our data, S. cerevisiae mutants affected in the regulatory PKA encoding gene BCY1 showed high PKA activity, and diploid homozygote strains affected in BCY1 did not sporulate (46) . It should be noted, however, that sporulation in the case of S. cerevisiae is meiotic, whereas conidia in Trichoderma are produced through a mitotic process. Moreover, low PKA activities in Dictyostelium discoideum resulted in an uncontrollable sporulation phenotype (39) . In A. nidulans, sporulation was partially inhibited in strains that overexpressed the catalytic subunit of PKA, whereas the sporulation process increased drastically in gene-disruptant strains (38) . Interestingly, in Two independent light inputs are necessary induce conidiation. The BLR independent pathway could activate adenylyl cyclase (AC), leading to the production cAMP, which in turn binds to the PKA regulatory subunit (R), resulting in the activation of the catalytic subunit (C). Phosphodiesterase (PD) would regulate the levels of cAMP, exerting a negative control on photoconidiation. The increase in PKA activity would activate the BLR complex, triggering the expression of the blue-light-responsive genes; such a function may involve direct phosphorylation of either of the BLR proteins or phosphorylation of an as-yet-unidentified regulatory partner (TA). Alternatively, PKA may phosphorylate a putative transcription factor (TF), whose modification is necessary for gene activation. Noncontinuous lines indicate hypothetical steps.
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CASAS-FLORES ET AL. EUKARYOT. CELL our case the overexpressing strains continued responding to light by forming a ring of green conidia at what had been the colony perimeter at the time of the light pulse, even when the PKA activity detected was low. Based on these observations, we conclude that sustained low PKA activity provokes sporulation of Trichoderma, as it happens in other organisms, perhaps simulating starvation conditions. Our data are apparently contradictory since it could be expected that strains expressing an antisense version of the PKA regulatory subunit would mimic the effect of the addition of dBcAMP extracellularly. In theory, both conditions would result in high PKA activity by releasing the catalytic subunit from its inactive complex with the regulatory subunit. Our current model explains this apparent contradiction by considering that these two phenomena in fact use separate signaling pathways: (i) the classical pathway in which cAMP activates PKA and (ii) an alternate pathway that uses a membrane receptor for exogenous cAMP. Thus, if the blr mutants do not express this receptor or are blocked in any other downstream element of the pathway, they will not be able to respond to the stimulus. In support of this proposal, Scott and Solomon (37) reported in Neurospora a phosphodiesterase-like activity in the culture medium, concluding that N. crassa could secrete cAMP. Ivey et al. (22) demonstrated that the G␣ protein mutant strains ⌬gna-1 were insensitive to cAMP supplementation. Later, these authors showed that the wild-type and ⌬gna-1 strains secreted similar amounts of cAMP into the medium and proposed that cAMP might function as an extracellular signal in N. crassa (23) . Recently, with the conclusion of the Neurospora genome project, a putative cAMP receptor has been described (6) . Our data on the exposure of AS and OE pkr-1 transformants to cAMP support this hypothesis, since both of them appear to conidiate in response to this stimulus against what would be expected. In fact, the effect could clearly be observed only under carbon deprivation conditions.
Using Northern blot analysis of RNA from blue-light-induced mycelium of the AS and OE strains, we detected an altered expression pattern of a set of light-induced genes. For the AS strains the expression of two of the genes tested was prolonged, whereas expression of all genes in the OE transformants was undetectable. The gene expression data in the OE transformants, together with their phenotype, suggest that the rapid expression of the set of light-induced genes studied here is not essential for photoconidiation. In N. crassa, there are pharmacological and genetic data that suggest that PKC is involved in desensitization and adaptation to light (1, 10) . WC-1 becomes phosphorylated upon light exposure, probably a primary effect of light reception (36, 43) . The light-dependent phosphorylation of WC-1 is transient, but phosphorylation of WC-1 is also observed in the dark. PKC interacts in vivo with WC-1 and phosphorylates in vitro the Zn finger domain. This interaction, however, is observed only in dark-grown mycelia or after 2 h of illumination, when gene photoactivation has ceased (11) . Regulatory mutations in PKC result in changes in the amount of WC-1, with corresponding changes in gene photoactivation, albeit without affecting the photophosphorylation pattern of WC-1, confirming that PKC is a negative regulator of WC-1 (11) . These results suggest that other kinase(s) must be responsible for the observed photophosphorylation of WC-1. In addition, the authors of that study demonstrated the phosphorylation of the WC-1 protein by PKC (1, 11) .
The data obtained in the present study show that the blue-lightinduced genes in the AS strain have a behavior similar to that reported for the N. crassa blue-light response when PKC activity is abolished. The opposite results were observed in the overexpressing strains, where the transcription of light-induced genes was blocked, similar to what was observed in Neurospora when PKC activity was stimulated. In addition to these observations, the analysis of the BLR proteins revealed putative PKA and PKC phosphorylation sites (data not shown). The fact that the BLR proteins are necessary for conidiation triggered by dB-cAMP allowed us to suggest that they play an important role even in the dark. Further, since strains overexpressing the PKA regulatory subunit still conidiated in response to light and genes that respond rapidly to this stimulus were switched off in these strains, we conclude that the roles of the BLR complex, as a sensor and transcription factor, may be separated.
Considering the molecular evidence shown in the present study and the similarity with findings reported for Neurospora, we hypothesize that PKA has a function in regulating the expression of blue-light-responsive genes in T. atroviride. Such a function may involve direct phosphorylation by PKA of either of the BLR proteins or phosphorylation of an as-yet-unidentified regulatory partner (see model in Fig. 6B ). In this sense, the activation of the aryl hydrocarbon receptor by cAMP has recently been demonstrated. In that case, cAMP activates the AhR, moving the receptor to the nucleus (31) . According to our model, PKA activity would be necessary to activate the function of the BLR complex by promoting its entry into the nucleus, by modifying its affinity for target promoter sequences, or by allowing the complex to bind to a third partner that allows the activation of transcription. It is worth mentioning that, in contrast to N. crassa WC-1, BLR-1 does not contain typical activation domains. Alternatively, the phosphorylation by PKA may activate an additional transcription factor necessary for the activation of the light-responsive genes or inactivate a repressor that may be blocking their expression in the absence of light. Consistent with our data, there would be transcription of BLR-dependent genes in the pkr-1 AS transformants and no transcription in the overexpressors, and the blr mutants would not be able to respond to dB-cAMP. However, our model cannot explain why the pkr-1 OE transformants still conidiate in response to light, unless very subtle or fast, transient increases in PKA activity could still take place in our transformants. Such changes in PKA activity would then be sufficient to trigger conidiation but not transcription of early light response genes. Thus, we propose that the BLR complex plays a general role in sensing signals that lead to conidiation and that such a role can be independent of its function as a transcription factor in the control of at least a subset of genes.
